Domoic acid is a glutaminergic neurotoxin produced by marine algae such as Pseudonitzschia australis. California sea lions (Zalophus californianus) ingest the toxin when foraging on planktivorous fish. Adult females comprise 60% of stranded animals admitted for rehabilitation due to acute domoic acid toxicosis and commonly suffer from reproductive failure, including abortions and premature live births. Domoic acid has been shown to cross the placenta exposing the fetus to the toxin. To determine whether domoic acid was playing a role in reproductive failure in sea lion rookeries, 67 aborted and live-born premature pups were sampled on San Miguel Island in 2005 and 2006 to investigate the causes for reproductive failure. Analyses included domoic acid, contaminant and infectious disease testing, and histologic examination. Pseudo-nitzschia spp. were present both in the environment and in sea lion feces, and domoic acid was detected in the sea lion feces and in 17% of pup samples tested. Histopathologic findings included systemic and localized inflammation and bacterial infections of amniotic origin, placental abruption, and brain edema. The primary lesion in five animals with measurable domoic acid concentrations was brain edema, a common finding and, in some cases, the only lesion observed in aborted premature pups born to domoic acid-intoxicated females in rehabilitation. Blubber organochlorine concentrations were lower than those measured previously in premature sea lion pups collected in the 1970s. While the etiology of abortion and premature parturition was varied in this study, these results suggest that domoic acid contributes to reproductive failure on California sea lion rookeries.
INTRODUCTION
California sea lions (Zalophus californianus) range along the Pacific coast of North America and breed on islands off southern California, Baja California, Mexico, and in the Gulf of California (Lluch, 1969; Mate, 1977) . One of the primary breeding rookeries is on San Miguel Island, one of California's Channel Islands (Odell, 1971 ; Fig. 1 ). In the late 1970s, a high proportion (20%) of California sea lion pups born on the island were reported to die following premature parturition (Gilmartin et al., 1976) . Higher concentrations of the organochlorine contaminants dichloro-diphenyl-trichloroethane (DDT) and polychlorinated biphenyls (PCB) were found in tissues from premature parturient dams and their pups than those measured in full-term dam-pup pairs (DeLong et al., 1973) . High levels of contaminants, particularly PCBs and DDTs, were discharged into the Southern California Bight prior to passage of the Clean Water Act in 1977; however, some areas of the Bight are beginning to show environmental recovery (Kennish, 1998) . Nonetheless, organochlorines such as PCBs and DDTs persist in this region, high levels are still observed in sea lions (Ylitalo et al., 2005; Greig et al., 2007) , and experimental exposure studies have shown these chemicals to affect both immune function and reproductive success of pinnipeds (Reijnders, 1986; Ross et al., 1996) . These chemicals have also caused reproductive failure in both experimental models and other wildlife species (Hart et al., 1971; Bruckner et al., 1973; Fry, 1995) . Sea lions may accumulate these contaminants via prey since high levels of contaminants have been measured in demersal fish species (Zeng and Tran, 2002) , as well as through transplacental transfer and lactation .
A calicivirus, San Miguel sea lion virus, and Leptospira interrogans serovar pomona have also been isolated from premature parturient dams and their pups. Both Leptospira spp. and caliciviruses have been associated with reproductive failure in domestic species, and antibody prevalence is widespread to both pathogens in California sea lions (Smith et al., 1979; Smith, 2000; Levett, 2001; Colagross-Schouten et al., 2002) . Further studies therefore concluded that the high prevalence of reproductive failure was likely due to a combination of exposure to high organochlorine concentrations and infectious disease, rather than due to contaminants alone (O'Shea and Brownell, 1998) .
Reproductive failure has since been reported in California sea lions admitted to rehabilitation facilities while suffering from acute intoxication with domoic acid (Brodie et al., 2006) . Domoic acid is a neurotoxin that binds to glutamate receptors in the brain, resulting in seizures (Jeffery et al., 2004) . It is produced by algae, especially diatoms of the genus Pseudo-nitzschia. In 1998, domoic acid neurotoxic effects were documented in stranded California sea lions through exposure from contaminated prey such as northern anchovies (Engraulis mordax) and Pacific sardines (Sardinops sagax) (Scholin et al., 2000) . Primary lesions observed upon histopathologic examination of the sea lions implicated limbic system seizure injury consistent with excitotoxin exposure and included hippocampal necrosis and/or atrophy (Silvagni et al., 2005) . Almost one third of all affected adult females suffered from reproductive failure due to abortions or premature live births, and domoic acid was shown to cross the placenta, as the toxin was detected in both maternal urine and fetal fluids (Brodie et al., 2006) . Domoic acid has also been shown to readily cross the placenta in experimentally exposed rat models (Dakshinamurti et al., 1993; Levin et al., 2005) . It has been hypothesized that the nonkeratinized skin of the fetus facilitates transfer of the toxin by providing a poor barrier to the toxin after absorption into the amniotic fluid (Maucher and Ramsdell, 2007) .
Since 1998, blooms of domoic acidproducing Pseudo-nitzschia spp. have been regularly documented in the Southern California Bight, especially between February and June, and they have been associated with marine mammal mortality events in the region (Anderson et al., 2006; Schnetzer et al., 2007; Goldstein et al., 2008) . Normal pupping of California sea lions on San Miguel Island occurs in late May and June; aborted and premature live pups have been observed as early as February, increasing in frequency until mid-May, when pups may become viable (DeLong et al., 1973) . The simultaneous occurrence of these toxin-producing spring algal blooms with premature pupping of California sea lions on rookeries, coupled with evidence of reproductive failure in domoic acid-intoxicated sea lions in rehabilitation, suggests that domoic acid toxicosis may play a role in reproductive failure in this species. The purpose of this study was to investigate the current causes of premature parturition in California sea lions on San Miguel Island, and to evaluate whether domoic acid contributed to this reproductive failure.
MATERIALS AND METHODS

Animals and sample collection
Sixty-seven aborted or live-born premature sea lions pups were collected on San Miguel Island (34.02uN, 120.26uW) from beaches on the western and northwestern points (Northwest Point to Adams Cove) in 2005 and 2006. Sampling was conducted during three periods in the third weeks of March (2006) and April (2005 and . Therefore, these pups were considered to be premature since they were born prior to May 15, when pups become viable (DeLong et al., 1973) . Six pups were found alive but agonal and were euthanized with intravenous Beuthanasia-D Solution (Schering-Plough Animal Health Corporation, Kenilworth, New Jersey, USA). Fetuses were weighed and measured for standard length (tip of snout to tip of tail), axillary girth, umbilical girth, ventral blubber thickness (mid-sternum), and complete sampling (as described next) was performed on 59 that were fresh and intact. Partial sampling was performed on 18 fetuses because they were either decomposing and/or partially scavenged.
Tissue samples from the visceral cavity (tongue, tonsil, salivary gland, thyroid, thymus, esophagus, trachea, lung, heart, tracheobronchial and mesenteric lymph nodes, stomach, intestines, liver, gall bladder, spleen, kidney, adrenal, urinary tract, reproductive tract), brain, eye, muscle, skin, umbilicus, and placenta (when available) were preserved in 10% buffered formalin for histologic examination. Swabs of amniotic fluid, placenta, liver, spleen, and stomach contents were collected into Amies transport media without charcoal (BD Diagnostics, Franklin Lakes, New Jersey, USA) for aerobic and Brucella spp. culture, and swabs of stomach contents were also collected into Cary-Blair transport medium (BD Diagnostics) for culture of Campylobacter spp. Swabs were held at 4 C for up to 7 days until processing. Samples of placenta, brain, aqueous humor, tonsil, tracheobronchial lymph node, lung, heart, stomach contents, umbilicus, liver, spleen, adrenal, kidney, and skeletal muscle were frozen in liquid nitrogen then stored at 280 C until analysis. Fetal fluids (amniotic fluid, feces, urine, stomach contents, serum) were frozen in liquid nitrogen in the field and then stored at 280 C until analysis. Blubber and liver were collected into Teflon sheets, and bile was collected into glass vials, and samples were frozen in liquid nitrogen, and then stored at 220 C (blubber, liver) and 280 C (bile) until analysis.
Environmental sampling was conducted for Pseudo-nitzschia spp. and domoic acid during the aforementioned three sampling periods. Forty scat samples were collected randomly off the rookery and frozen at 220 C. Five vertical plankton tows off the coast of San Miguel Island were conducted using plankton nets with a 20-mm-mesh-size Nytex net (Research Nets, Bothell, Washington, USA) to obtain water-column samples. Plankton tows varied from a depth of 3 m (onshore) to 9 m (collected by boat offshore). A minimum volume of 100 ml of the net tow sample was placed in a 125-ml NalgeneH bottle (Nalge Nunc International Corporation, Rochester, New York, USA), preserved in 1% formalin, and stored at room temperature for phytoplankton identification.
Tissue samples were also collected, as described already, from fetuses aborted from 74 California sea lions in rehabilitation following domoic acid toxicosis Brodie et al., 2006) , after which they were fixed in formalin and examined by light microscopy.
Sample analysis
Formalin-fixed tissues were processed by routine methods for paraffin wax embedding, sectioned at 5-mm intervals, and stained with hematoxylin and eosin at the Histology Laboratory, University (Hewinson et al., 1997; Harkin et al., 2003) . Marine Brucella testing was conducted at the Canadian Food Inspection Agency, Ottawa, Ontario, Canada, with primers targeting the omp2 locus by infrequent restriction site-PCR(IRS-PCR), taking into account the higher number of IS711 elements in their genome to identify terrestrial mammal and marine Brucella species genes (Cloeckaert et al., 2003) . Placental tissues were also examined for Brucella species by culture and real-time PCR targeting the Brucella genus-specific outer membrane protein bcsp31 at the Mystic Aquarium Laboratory, Mystic, Connecticut, USA. Liver tissues were submitted to the University of Florida, College of Veterinary Medicine, Gainesville, Florida, USA, for Otarine herpesvirus-1 testing. Primers targeted the DNA polymerase gene as described by Buckles et al. (2006) , with one modification (annealing temperature was increased from 60 C to 63 C). Umbilical tissues were tested for caliciviral RNA by the Institute of Animal Health, Pirbirght Laboratory, UK. A real-time RT-PCR assay targeting conserved nucleotide sequences in the RNAdependent RNA polymerase (3D) region of the genome was designed to specifically amplify marine caliciviral RNA (Reid et al., 2007 ). Brain tissues were tested for Toxoplasma gondii and Sarcocystis neurona DNA at the Lucy Whittier Molecular and Diagnostic Core Facility at the University of California, Davis, California, USA; real-time TaqManH PCR was used with primers that targeted a conserved region of the 16 s RNA gene and an internal fluorescent-labeled TaqMan probe (59 end, reported dye FAM [6-carboxyflourescein], 39 end, quencher dye TAMRA [6-carboxytetramethylrhodamine]).
Special stains and immunohistochemistry were performed on tissues from selected cases based on histopathologic findings. Tests included the Grocott's silver stain (GMS) for fungi, Brown and Brenn (B&B) gram stain and Steiner stain for bacteria, and polyclonal antibodies for Toxoplasma, Neospora, and Sarcocystis spp. as described by Miller et al. (2001) .
Fetal fluids were submitted to the National Oceans Services Laboratory Marine Biotoxin Laboratory, Charleston, South Carolina, USA, for domoic acid analysis using a direct competitive ELISA (Biosense Laboratories, Bergen, Norway; Maucher and Ramsdell, 2005) . Stomach contents were diluted 1/100, urine was diluted 1/200, and amniotic fluid was diluted 1/200 prior to analysis. The detection limits of this assay were 0.5 ng/ml for stomach fluid, 15 ng/ml for urine, and 3.0 ng/ml for amniotic fluid. These dilutions were chosen based on the highest amount of matrix that could be added to the domoic acid ELISA without causing a false positive result. The sample extract from positive samples was then analyzed to confirm the presence of domoic acid using tandem mass spectrometry coupled with liquid chromatographic separation (LC-MS/MS) as described by Van Dolah et al. (1997) . Rookery scat samples were subsampled and submitted to the University of California, Santa Cruz (Dr. M. Silver's laboratory), for analysis. Scanning electron microscopy (SEM) was used to identify Pseudo-nitzschia spp. Domoic acid was extracted from rookery scat samples as described by Bargu et al. (2002) , and the extracts were analyzed for the presence of domoic acid using high-performance liquid chromatography (HPLC) equipped with a diode array detector (DAD) according to methods by Lefebvre et al. (2002) .
Following subsampling for domoic acid analysis, the rest of the scat samples were prepared for prey identification at the National Marine Mammal Laboratory, Seattle, Washington, USA. Samples were thawed and rinsed in nested sieves (1.0 mm, 0.71 mm, 0.5 mm), fish structures were dried and stored in glass vials, and cephalopod remains were stored in vials with 70% isopropyl alcohol. Prey were identified to the lowest possible taxon by using sagittal otoliths, skeletal and cartilaginous remains from fish, and beaks and statoliths from cephalopods according to methods by Orr et al. (2004) . The abundance of prey taxa in sea lion scat was described by using the minimum number of individuals (MNI) and percent frequency of occurrence (%FO).
Blubber and bile from a subset of pups were submitted to the Northwest Fisheries Science Center, Environmental Assessment Program, Seattle, Washington, USA, for contaminant analysis. Blubber samples were analyzed for concentrations of PCBs (congeners 17, 18, 28, 31, 33, 44, 49, 52, 66, 70, 74, 82, 87, 95, 99, 101, 105, 110, 118, 128, 138, 149, 151, 153, 156, 158, 170, 171, 180, 183, 187, 191, 194, 199, 205, 206, 208) 
, o,p-DDT, p,p-DDT, and hexachlorobenzene); polybrominated diphenal esters (PBDE) flame retardants (congeners 28, 47, 49, 66, 85, 99, 100, 153, 154, 183) ; hexachlorobenzene; hexachlorocyclohexanes (a-HCH, b-HCH); chlordanes (lindane, alpha-chlordane, cis-nonachlor, gamma-chlordane, heptachlor, heptachlor expoxide, nonachlor III, oxychlordane, trans nonachlor); dieldrin; aldrin; mirex; and endosulfan sulfate by a gas chromatography/mass spectrometry method (Sloan et al., 2005) . Summed contaminant concentrations were calculated by adding the concentrations of the individual congeners or metabolites as appropriate. Bile samples were analyzed for the metabolites of polycyclic aromatic hydrocarbons (PAHs) using highperformance liquid chromatography with fluorescence detection (HPLC/uvf) as described in Krahn et al. (1986) . The concentrations of fluorescent PAHs in bile were determined using phenanthrene (PHN) and benzo[a]pyrene (BaP) as external standards and converting the fluorescence response of bile to phenanthrene (ng PHN equivalents/g bile) and benzo[a]pyrene (ng BaP equivalents/g bile) equivalents. Bile metabolites fluorescing at phenanthrene wavelengths were considered to be an indicator of exposure to lowmolecular-weight PAHs, while metabolites fluorescing at benzo[a]pyrene (BaP) wavelengths were considered to be an indicator of exposure to high-molecular-weight PAHs.
Water samples were submitted to the California Department of Public Health (CDPH), Richmond, California, USA, for examination by light microscopy for the presence of toxigenic genera of phytoplankton. The samples were collected as a part of CDPH's volunteer-based Marine Biotoxin Monitoring Program, which monitors for the occurrence of toxic algal blooms along the California coast. The percent composition of all phytoplankton genera identified in the sample and the settled volume were estimated, and then a relative abundance index (RAI) was derived for Pseudo-nitzschia spp. The RAI was based on an estimate of cell mass using estimates of settled cell volume (a), the percent composition of each species (b), and the sampling effort as determined by the total tow length (c): RAI 5 (a3b)/c, for each sample collected. When possible, phytoplankton were identified to the species level.
RESULTS
Environmental sampling
Pseudo-nitzschia species were identified in water samples collected during all three sampling periods and comprised up to 5% and 10% of the phytoplankton composition in 2005 and 2006, respectively. The phytoplankton community included a mix of toxic (Pseudo-nitzschia australis and Pseudo-nitzschia seriata) and nontoxic (Pseudo-nitzschia delicatissima) species and was for the most part dominated by the toxic species. Widespread elevated domoic acid concentrations were found in shellfish throughout southern California during the sampling periods, and phytoplankton samples tested for domoic acid during March 2006 at Cal Poly Pier off San Luis Obispo County tested as a part of the California Program for Regional Enhanced Monitoring for PhycoToxins (Cal-PReEMPT) were positive (G. Langlois, pers. obs.; http://ww2.cdph.ca.gov/ HealthInfo/environhealth/water/Documents/ Shellfish/MonthlyandQuarterlyReports/ 2006/Biotoxin_Monthly_0306.pdf). Seventy percent (26/37, three of the 40 scat samples could not be cleaned sufficiently to be processed) of the rookery scat samples contained Pseudo-nitzschia frustules observed by SEM and domoic acid detected by HPLC. Concentrations of domoic acid ranged from 10 to 13,300 ng/ml.
Fish otoliths and other skeletal structures were found in all of the scat samples. Eleven different prey types were identified in samples that tested positive for domoic acid (Fig. 2) ; northern anchovies (85%) had the highest percent frequency of occurrence, followed by Pacific sardines (48%) and Pacific hake (Merluccius productus, 44%). Of the other prey identified, only Pacific hake occurred alone in a scat sample that contained domoic acid, while the other fish occurred with other species.
Animal sampling
Most of the pups collected were in the early third trimester, since they were sampled in April (n564), whereas fewer pups were in the late second trimester, sampled in March (n513). Overall, the pups sampled in April were larger (Table 1). Dam condition was recorded for 22 of the premature pups: 21 appeared bright, alert, and in good nutritional status, and one was observed seizuring and ataxic but in good nutritional status.
Samples for domoic acid testing were not obtained from nine premature pups, and more than one sample type was tested from 12 pups, resulting in 79 samples from 68 premature pups submitted for testing. Domoic acid was detected in 17% (12/68) of fetuses and was measured in multiple fluids types, including stomach contents, urine, and amniotic fluid (Table 2) . Concentrations of the biotoxin ranged from 0.5 to 18 ng/ml. Although the pup collected from the dam exhibiting signs of acute domoic acid toxicosis had detectable domoic acid in both samples submitted for testing (stomach contents measured 0.7 ng/ml, amniotic fluid measured 9.3 ng/ ml), higher concentrations of domoic acid were measured in other pups.
A range of histologic lesions was observed in the premature sea lion pups (Table 3 ). An inflammatory condition occurred in 50 of 59 (80%) cases, of which 40% had at least one component of simple bacterial origin. Most bacterial infections were systemic (22/25, bacteremia or endotoxemia) and affected the liver, with variable involvement of other tissues, including lung, placenta (umbilical cord epithelium, nonzonary chorion-fetal side or amnion), conjunctiva, and spleen, and these were often accompanied by inflammatory and squamous cell debris and/or bacteria in the stomach lumen. Lesions were characterized by mild to severe multifocal acute necrosis and inflammation and, less often, infarction.
An inflammatory response of unknown etiology was observed in lung and/or brain of 46% (27/59) of cases. Although this response sometimes occurred concurrently with inflammatory lesions of simple bacterial origin, it was distinct, as the inflammation was nonsuppurative to granulomatous, and was variably accompanied by multinucleated giant cells (or syncytial cells in the lung), eosinophils, and fewer neutrophils. This inflammatory response most often affected the lung (Fig. 3 ) and brain to spinal cord, with less frequent involvement of the lymph nodes, spleen, heart, and liver. Inflammation in the brain affected the meninges and/or white and gray matter, sometimes associated with central liquefactive necrosis and sometimes limited to meningitis and perivascu- lar cuffing. In two cases, necrotic foreign material with some semblance to a metazoan larva was within a granulomatous focus in the brain or lung (Fig. 4) . Further elucidation of the foreign material was not possible. Brain edema occurred in approximately one third of the cases (n516), sometimes not accompanied by any other lesions. The brain edema was mild to severe, perivascular to interstitial, and concentrated in the cerebrum to diencephalon. Brain edema did not occur exclusively in cases with known bacterial septicemia but did occur in two thirds of the cases (6/9) with detectable domoic acid but without other significant lesions. The zonary placenta was available for histologic examination in five cases (tissue blocks from an additional 15 cases could not be sectioned due to the presence of sand), three of which had evidence of placental abruption. Of these three cases, one had detectable domoic acid and brain edema without other evidence of disease, the second had detectable domoic acid and a mild septicemia, while the third had brain edema and a severe bacterial funisitis with mild septicemia (domoic acid not detected). Moderate to severe aspiration of squamous, epithelial, and other cellular debris occurred in 56% of the cases (30/59). In some cases, the aspiration appeared substantial enough to compromise the initial expansion of the lungs and result in respiratory acidosis, had the pup survived. Extramedullary hematopoiesis was common in the liver; however, when the leukopoieses component occurred not only in the portal and centrilobular regions, as expected, but also in the sinusoids (where erythropoiesis occurs in nondiseased fetuses), then liver damage was also present. Overall, domoic acid was detected in samples from six premature pups with the brain edema, three of which had systemic bacterial infections and one of which had an unknown inflammatory condition.
In contrast to the varied findings in the premature fetuses from the rookery, those aborted from domoic acid-affected dams in rehabilitation showed minimal to no evidence of inflammation or infection. (Table 4) . The majority of the isolates was gram negative, and they were cultured most often from the stomach, followed by the liver and spleen; they included Escherichia coli spp. (15 isolates, 12% of fetuses), Streptococcus phocae (9 isolates, 12% of fetuses), and Moraxella spp. (8 isolates, 7% of fetuses). Salmonella enteriditis was cultured from placental tissue and stomach contents from one pup, and Brucella spp. were cultured from two placentas. Campylobacter spp. were not cultured from any fetuses. Results of molecular diagnostics for other infectious agents were varied. Polymerase chain reactions for Otarine herpesvirus-1, Leptospira spp., Chlamydia spp., T. gondii, and S. neurona were all negative. Marine caliciviral RNA was detected in umbilical tissues of five of the 59 animals. Two of these five animals did not have significant histologic lesions, one had hepatitis due to a systemic simple bacterial infection, and two had focal pleocellular encephalitis. Although Brucella was not detected in stomach content samples by PCR or culture, Brucella DNA was detected in placental tissues in three of 59 cases, two of which were culture positive. Further characterization of this Brucella infection is ongoing (I. Sidor, pers. comm.). Lipid content in the 14 blubber samples varied from 18% to 35% (Table 1) . Because of this variation, both wet weight and lipid normalized values for contaminants were calculated. The geometric means and 95% confidence limits were calculated as the pollutant residue concentrations were log-normally distributed. The arithmetic means and ranges were also calculated so that both values were available for comparison with other published data. Blubber residues of PCBs, DDTs, PBDE flame retardants, and the organochlorine pesticides HCHs, chlordanes, dieldrin, aldrin, mirex, endosulfan sulfate, and bile levels of PAH metabolites are presented in Table 5 . Concentrations of hexachlorbenzene, aldrin, mirex, and endosulfan sulfate and some PCB (17, 18, 31, 33, 70, 156, 158, 171, 191, 195, 205, 206, 208, 209) and PBDE flame retardant (28, 49, 66, 85, 153, 154, 183) congeners and the chlordane isomer oxychlordane were less than the lower limit of quantitation. Most of the SDDT in these premature pups was present in the metabolite p,p9-DDE (ranging from 91% to 99%). Similarly, the dominant HCH isomer was b-HCH (73-100%), and, in most cases, the summed chlordanes consisted of trans nonachlor (40-80%). We examined the individual congeners comprising the SPCBs and SPBDEs and found that the dominant PCB congeners were 138 (12-19%) and 153 (15-27%) (Fig. 5) , and the dominant PBDE congener was PBDE 47 (58-83%) (Fig. 6 ).
DISCUSSION
The results of this study indicate that there were multiple etiologies of abortion and premature parturition in California sea lions on San Miguel Island, some of which have been previously documented, as well as a novel one, domoic acid. Pseudo-nitzschia spp. were present both in the environment in water and rookery scat samples, and domoic acid was also detected in the latter. Although not all species of Pseudo-nitzschia found in the samples are known to be toxic and domoic acid levels were not measured in the phytoplankton samples collected off San Miguel Island, the widespread and elevated domoic acid concentrations in shellfish throughout southern California and the domoic acid-positive phytoplankton samples at coastal sites provide additional FIGURE 5. Mean percent PCB congener composition of the total PCB burden in California sea lion premature pup blubber samples from San Miguel Island (n514). Error bars represent the standard deviation. support for the presence of a toxic bloom off the coast. The concentrations of domoic acid measured in scat samples were comparable to those detected in feces of stranded sea lions seizing following domoic acid toxicosis (Scholin et al., 2000) . These values are also comparable to ranges found in affected sea birds (500-25,300 ng/ml; Work et al., 1993) and other marine mammals species, including cetaceans, stranding off the coast of California (300-1,600 ng/ml; Ch 'ng et al., 2000) . Similarly, the concentrations detected in 17% of the premature pups on the rookery were comparable to those in fetuses from dams with acute domoic acid toxicosis in rehabilitation (Brodie et al., 2006) . As with animals in rehabilitation, domoic acid was detected in fetal urine, amniotic fluid, and fetal stomach contents. The brain edema seen in approximately one third of the cases from San Miguel Island and the placental abruption in three of the five examined placentas were similar to those found in fetuses aborted from dams with acute domoic acid toxicosis in rehabilitation. Furthermore, five pups that tested positive for domoic acid did not have significant lesions other than brain edema or placental abruption, again as was observed in domoic acid-affected fetuses from rehabilitation. The fetal brain edema and placental abruption appear to be a manifestation of domoic acid-induced reproductive failure. Thus, based on the findings in rehabilitation, similar cases of reproductive failure from the rookery were attributed to domoic acid exposure. The possible association of the brain edema with in utero hypoxia seems unlikely based on information available in human neonatology (Rees and Inder, 2005) . In humans, in utero hypoxiaischemia often manifests as subleptomeningeal and subependymal hemorrhage variably accompanied by intraventricular hemorrhage, periventricular leukoencephalomalacia, particularly at the level of the lateral ventricles, and apoptosis, particularly of oligodendroglia and the neurons in the periventricular region and cornu ammonis sector 1 of the hippocampal formation, none of which was present in the fetuses in this study. Seizures of hippocampal origin have been associated with paroxysmal hypertension in humans, and hypertension is one risk factor for placental abruption (Ananth et al., 1999) . Consequently, it is possible that domoic acid-induced seizures in the dam could result in placental abruption and perhaps translate to fetal hypertension and brain edema. The possibility of a direct interaction of domoic acid with receptors on the placenta seems less likely, as in the placenta, receptors for glutamate activity have not been identified, but rather the counteracting mechanisms of glutamate transporters and gamma-ammobutyric acid (GABA) inhibitory receptors have been identified (Mathews, 2005) . However, the direct interaction of domoic acid with receptors in the brain could also explain the brain edema, being secondary to seizure activity. The effect of the toxin on the fetal brain and placenta of unborn fetuses is unclear, whether it is through a direct or indirect mechanism, and this warrants further investigation. Bacterial infections were a common finding in these premature pups and often resulted in systemic lesions including hepatic necrosis and suppurative pneumonia. The nature and distribution of the lesions in the fetus and placenta (i.e., involvement of the lung, liver, vagina and/ or conjunctiva, and stomach content with the suppurative inflammation of placenta associated with the umbilical epithelium, nonzonary chorion [fetal side], and amnion) are suggestive of a bacterial infection that originated from an ascending infection of the dam's reproductive tract, which then affected the amnion. Common bacteria isolated such as E. coli spp. and Streptococcal spp. have also been frequently cultured from the reproductive tract of female California sea lions (Johnson et al., 2006) , suggesting that opportunistic ascending infections are likely. Although Brucella spp. were cultured from two cases, the most common Brucella-associated histologic lesion of necrosuppurative diffuse placentitis was not present in the small number of placental tissues examined (Walker, 2004) . Nonetheless, the possible association of Brucella infection with reproductive failure in this species could be significant and warrants further investigation.
The inflammatory response of unknown etiology that affected more than one third of the pups was distinct in distribution and in morphology and had features suggestive of several etiologies. Differential diagnoses included parasite migration, as a suspect metazoan larva was seen in brain and lung; protozoal infection, as features consistent with congenital infections described in other marine mammals were present (Dubey et al., 2003) but were not confirmed by additional diagnostics; or viral infection, such as calicivirus or an unidentified virus. Although caliciviral RNA was detected, there was not a clear association of the infection with histologic findings. The anticipated caliciviral lesions of petechial hemorrhage described in aborted piglets (Smith et al., 1998) were not present in the sea lion fetuses.
Except for PCB and DDT concentrations, values measured for the other contaminants are not currently available in the literature for premature sea lion pups, and therefore the results presented here provide a baseline for future comparisons. Summed DDTs and PCBs measured in blubber of premature pups from San Miguel in the current study were lower than those measured in premature pups in the 1970s (DeLong et al., 1973) , as well as those in fetuses aborted from domoic acid-affected dams in rehabilitation at the Marine Mammal Center (TMMC) from 1998 to 2002 . Geometric mean values reported in blubber tissues at TMMC for PCBs and DDTs were 760 ng/g wet weight and 2000 ng/g wet weight, respectively, both of which were more than two times higher than the geometric mean measured in these pups sampled in 2005. The data available for the San Miguel samples from the 1970s were from brain (not blubber); therefore, a direct comparison cannot be made. Nonetheless, in 2005, blubber from premature pups from San Miguel had lower mean concentrations than brain from premature pups in the 1970s (450 ng/g wet weight PCB, 2,400 ng/g wet weight DDT) and similar concentrations to those measured in brain tissue from full-term pups (190 ng/g wet weight PCB, 1,200 ng/g wet weight DDT) on San Miguel in the 1970s. This suggests the decrease in total body burden over 30 yr is marked, as brain from marine mammals tends to have much lower concentrations of these organochlorines than blubber (Jenssen et al., 1996) . The DDT metabolite p,p9-DDE and PCB congeners 138 and 153 were consistently dominant among the studies. The organochlorine pesticides hexachlorocyclohexanes were measured in premature sea lions in the current study and have been reported in neonatal and stillborn northern fur seals (Callorhinus ursinus) from Alaska (Mö ssner et al., 1994) . The mean concentration (52.8 ng/g lipid weight) in the premature sea lions was four times lower than the mean value in the fur seal neonates (217 ng/g lipid weight). The dominant isomer b-HCH in blubber was consistent with other studies in marine mammals (Mö ssner et al., 1994) . The PBDE flame retardants have been measured previously in blubber from stranded adult male sea lions (Stapleton et al., 2006) . The geometric mean concentration measured in these premature pups of 320 ng/g lipid weight was an order of magnitude lower than the mean value of adult males (3,900 ng/g lipid weight). The dominant congener was PBDE 47 in both studies, as has been observed in other marine mammal species (Stapleton et al., 2006) . Interestingly, the PAH levels in these premature sea lion pups were relatively high, with a mean over 13,000 ng/g bile. This level is comparable to those documented in harbor seals (Phoca vitulina) and Steller sea lions (Eumetopias jubatus) that died after the Exxon Valdez oil spill (Calkins et al., 1994; Frost et al., 1994) . These high levels could be a consequence of exposure to the natural oil seeps off the coast of Santa Barbara. However, it is unknown if exposure to PAHs could have contributed to the abortions or premature parturition of the sea lions in the current study. A study evaluating the effects of oil exposure on mink as a model for reproductive success in sea otters found oil-exposed females had reduced reproductive success, and their kits experienced poor survival to weaning (Mazet et al., 2001) , indicating the potential for PAH exposure to contribute to reproductive failure in marine mammals.
Although there are similarities with the findings from the study on sea lion reproductive failure conducted in the 1970s, a wider range of potential causes for reproductive failure were found in the current study. As in the 1970s, calicivirus was present in premature pups, and although anticipated histopathology associated with caliciviral-induced abortion was not present, its contribution to reproductive failure could not be excluded. In contrast to the earlier study, evidence of Leptospira infection was not detected in any of the pups examined, although leptospirosis is still endemic in sea lions (Lloyd-Smith et al., 2007) . Organochlorine compounds have decreased in tissues from premature pups since the 1970s, and PAH metabolites were measured in a subset of animals, but it is unknown if these compounds contributed to reproductive failure. Bacterial infections, especially those that commonly cause ascending infections of the reproductive tract, appear to be common in premature neonates, and a granulomatous infection of unknown etiology was also relatively common. The severity of inflammatory lesions was variable, and thus their contribution to abortion and premature parturition was uncertain in some instances. Finally, results indicated that domoic acid was another factor playing a contributory role in reproductive failure in California sea lions on San Miguel Island. Continued monitoring will determine the magnitude of effect that the toxin and other pathogens will have on the population in the future. 
